Transcallosal inhibitory interactions between proximal representations in the primary motor cortex remain poorly understood. In this study, we used transcranial magnetic stimulation to examine the ipsilateral silent period (iSP; a measure of transcallosal inhibition) in the biceps and triceps brachii during unilateral and bilateral isometric voluntary contractions. Healthy volunteers performed 10% of maximal isometric voluntary elbow flexion or extension with one arm while the contralateral arm remained at rest or performed 30% of maximal isometric voluntary elbow flexion or extension. The iSP was measured in the arm performing 10% contractions, and electromyographic (EMG) recordings were comparable across conditions. The iSP onset and duration in the biceps and triceps brachii were comparable. In both muscles, the iSP depth and area were increased during bilateral contractions of homologous agonist muscles (extension-extension and flexionflexion) compared with a unilateral contraction, whereas during bilateral contractions of nonhomologous antagonist muscles (extensionflexion and flexion-extension), the iSP depth and area were decreased compared with a unilateral contraction, and sometimes facilitation of EMG was seen. This effect was never observed during bilateral activation of homologous muscles. The size of responses evoked by cervicomedullary electrical stimulation in the arm that made 10% contractions remained unchanged across conditions. Thus transcallosal inhibition targeting triceps and biceps brachii is upregulated by voluntary contraction of the contralateral agonist muscle and downregulated by voluntary contraction of the contralateral antagonist muscle. We speculate that these reciprocal task-dependent interactions between bilateral flexor and extensor arm regions of the motor cortex may contribute to coupling between the arms during motor behavior. primary motor cortex; interhemispheric inhibition; transcallosal pathways; transcranial magnetic stimulation; force EARLY STUDIES IN MONKEYS showed an uneven distribution of callosal connections between primary motor cortices and suggested that distal forelimb representation lacked direct connections between homologous areas (Pandya and Vignolo 1971) . Later studies identified that direct callosal connections were present for some of the multiple representations of the distal forelimb but suggested that connections between trunk and shoulder areas were more numerous, as were transcallosal connections between supplementary motor areas (Gould et al.
EARLY STUDIES IN MONKEYS showed an uneven distribution of callosal connections between primary motor cortices and suggested that distal forelimb representation lacked direct connections between homologous areas (Pandya and Vignolo 1971) . Later studies identified that direct callosal connections were present for some of the multiple representations of the distal forelimb but suggested that connections between trunk and shoulder areas were more numerous, as were transcallosal connections between supplementary motor areas (Gould et al. 1986; Jenny 1979; Rouiller et al. 1994) . Thus primary motor cortex devoted to proximal limb movements has interhemispheric callosal connections that are at least as strong as the area devoted to hand movements, but their functional role remains poorly understood.
In humans, transcranial magnetic stimulation (TMS) has been used to demonstrate transcallosal facilitation and, more commonly, inhibition between areas in the motor cortex (Bäumer et al. 2006; Ferbert et al. 1992) . Most studies have concentrated on distal upper limb muscles, whereas less attention has been given to interhemispheric interactions between proximal upper limb muscles. Conditioning TMS over the motor cortex of one hemisphere can reduce the size of a test motor evoked potential (MEP) elicited from the other hemisphere after shorter (10 ms) or longer (40 ms) intervals. This suppression is known as interhemispheric inhibition (Ferbert et al. 1992) . It has been reported that the biceps brachii have interhemispheric inhibition similar to or slightly less than that of an intrinsic hand muscle (Ferbert et al. 1992; Harris-Love et al. 2007) , whereas that for triceps brachii is appreciably reduced. Single suprathreshold TMS can also suppress ongoing voluntary electromyographic (EMG) activity to give an ipsilateral silent period (iSP), another measure of interhemispheric inhibition (Ferbert et al. 1992) . The iSP may be more difficult to elicit without a preceding facilitatory response in biceps brachii compared with hand or wrist muscles (Ferbert et al. 1992; Zjidewind et al. 2006) , whereas reliable inhibition of triceps brachii is reported with strong ipsilateral stimulation during moderate contraction (Ziemann et al. 1999) . It is not known how interhemispheric interactions between proximal muscles are influenced by voluntary contraction. However, studies that have compared forces produced in bilateral and unilateral contractions allow some predictions. Force is reduced during bilateral contractions for the elbow flexors and elbow extensors (Ohtsuki 1983; Seki and Ohtsuki 1990) . Reductions occur with maximal or submaximal efforts and appear to be as great as or greater than the deficits seen with bilateral handgrip or thumb adduction (Herbert and Gandevia 1996; Seki and Ohtsuki 1990) . In contrast, when elbow flexion of one arm is combined with elbow extension of the other arm, force is not reduced compared with the unilateral efforts (Ohtsuki 1983) . Furthermore, when asymmetric forces are produced, the weaker force is affected more than the stronger. Thus voluntary contraction of either the elbow flexors or extensors might be expected to increase interhemispheric inhibition to the homologous muscles of the other arm. However, this increase would not be expected with contraction of flexors of one arm and extensors of the other.
To examine interhemispheric inhibition during bilateral contractions of proximal arm muscles, we elicited iSPs in the elbow extensor and flexor muscles during voluntary contractions of the homologous and antagonist muscles of the other arm. We demonstrate that bilateral activation of antagonist proximal muscles results in disinhibition or facilitation at the cortical level, whereas in contrast, bilateral activation of homologous proximal muscles results in pronounced inhibition.
METHODS
Subjects. Twenty-two healthy volunteers (10 women, 12 men; 3 left handed) with an average age of 28.0 Ϯ 7.6 yr participated in the study. All subjects gave their informed consent to the experimental procedure, which was approved by the local ethics committee. The study was performed in accordance with the Declaration of Helsinki. Subjects were preselected from a total of 45 subjects who were screened to ensure that they showed the iSP in the biceps and/or triceps brachii during unilateral voluntary contraction; this allowed us to measures changes in the iSP magnitude during our different experimental conditions. Fifteen of the 22 subjects showed a visible iSP in the triceps during unilateral elbow extension, and 15 subjects showed a visible iSP in the biceps during unilateral elbow flexion. Eight individuals showed the iSP in both muscles tested. Fifteen subjects, who were known to show iSPs in biceps or triceps, participated in control studies. Eight had participated in the main study reported here.
Experimental sessions. Subjects were seated with both shoulders and elbows flexed at 90° (Fig. 1A) . Each arm was held in an isometric myograph with a strap at the wrist. At the start of the experiment, all subjects performed two to three brief maximal voluntary contractions (MVCs; 3-5 s) of the elbow flexors or extensors with each arm separately and with 30 s of rest between contractions. The maximal forces were used to set targets for subsequent submaximal contractions. During maximal contractions, subjects were verbally encouraged to perform maximally, and visual feedback was provided (Gandevia 2001) . Subjects participated in two randomized testing sessions where we assessed the onset, duration, depth, and area of the iSP in the biceps and triceps brachii during unilateral and bilateral elbow flexion and extension isometric voluntary contractions. The iSP was always assessed in the nondominant arm, since previous evidence has suggested that the magnitude of interhemispheric inhibition is stronger from the dominant to the nondominant primary motor cortex (Bäumer et al. 2007; Netz et al. 1995) . In one session (Fig. 1B , elbow extension session) subjects performed 10% of MVC into elbow extension with the nondominant arm while the contralateral arm remained at rest (extension-rest) or performed 30% of MVC into elbow extension (extension-extension) or flexion (extension-flexion). In the other session (elbow flexion session) subjects performed 10% of MVC into elbow flexion with the nondominant arm while the contralateral arm remained at rest (flexion-rest) or performed 30% of MVC into elbow flexion (flexion-flexion) or extension (flexionextension). In each session subjects performed 10 sets of 3 contractions. A set consisted of 10-to 15-s contractions of each of the three conditions separated by 10 s of rest. During each contraction, TMS was delivered three times at 3.5-to 4-s intervals over the dominant hemisphere to give a total of 30 trials of each condition. Custom software was written to acquire signals from a load cell to display visual feedback corresponding to 10% and 30% of MVC into elbow flexion and extension forces with the nondominant and dominant arm in real time, respectively (LabView, San Jose, CA). Subjects were asked to move one (unilateral) or two (bilateral) independently controlled cursors on a computer monitor to a target line displaying the force to be exerted. During elbow flexion, the visual feedback was provided toward the right side of the screen, and during elbow extension, the visual feedback was provided toward the left side of the screen. Therefore, during bilateral activation of homologous muscles, the visual feedback was presented toward the same direction (in parallel), whereas during bilateral activation of nonhomologous muscles, the visual feedback was presented in opposite directions. In an additional control experiment (n ϭ 8 for elbow extension and n ϭ 8 for elbow flexion), visual feedback for the nondominant arm was provided as described above, whereas feedback for the dominant arm was provided toward both the right and left side of the screen in each condition in separate blocks of 30 trials in a pseudorandomized order. Additional verbal feedback was provided to the subjects to ensure that both arms performed the correct task at all times.
EMG recordings. EMG was recorded from biceps and triceps brachii by surface electrodes secured to the skin over the belly of each muscle . The signals were amplified, filtered (16 -1,000 Hz), and collected at 2 kHz for off-line analysis using customized software (CED 1401 with Signal software; Cambridge Electronic Design, Cambridge, UK). Forces exerted at the elbow were measured bilaterally by two load cells (Honeywell; range Ϯ111.2 N, voltage Ϯ5 V, high-sensitivity transducer 0.045 V/N). Force was sampled at 200 Hz and stored on a computer for off-line analysis.
Transcranial magnetic stimulation. A figure-eight coil was oriented with the handle pointing posterolaterally at around 45°to the midline with the induced current in the cortex flowing posterior to anterior across the motor strip. With this coil position the induced current in the brain flowed in an anterior-medial direction and probably produced D and early I wave activation of corticospinal neurons (Di Fig. 1 . A: schematic illustration of the experimental setup. Note that feedback of elbow flexion and extension force for the left and right arm (indicated by arrows) was presented on a display in front of the subject. During elbow flexion the visual feedback was provided toward the right side of the screen, and during elbow extension the visual feedback was provided toward the left side of the screen. TMS, transcranial magnetic stimulation. B: electromyography (EMG) of the right biceps and triceps brachii, which were contralateral to the stimulated motor cortex in the elbow extension session. Traces show the average unrectified EMG data in 30 trials. In the left column, recordings are shown during 10% maximal extension on the left (not shown) while the right arm remained at rest (extension-rest). In the middle column, recordings are shown during 10% maximal extension on the left (not shown) and 30% maximal extension with the right arm (extension-extension). In the right column, recordings are shown during 10% maximal extension on the left (not shown) and 30% maximal flexion with the right arm (extension-flexion). Lazzaro et al. 2004 ). The hot spot was defined as the optimal position in which TMS (Magstim 200; Magstim, Dyfed, UK) evoked the largest MEP in the dominant biceps or triceps brachii and was determined for each subject using suprathreshold intensity (50 to 100% of maximum stimulator output). The TMS coil was held to the head of the subject by one of the experimenters or by a coil holder while the head was firmly secured to a headrest by straps to limit head movements. The resting motor threshold (RMT) was calculated for each muscle and defined as the lowest intensity of TMS output required to evoke MEPs of at least 50 V in peak-to-peak amplitude in at least three of five consecutive trials (Rothwell et al. 1999) .
Ipsilateral silent period. The iSP was measured in the biceps and triceps brachii in the nondominant arm while the dominant arm was at rest or performing a flexion or extension muscle contraction of 30% maximum. In each session, the intensity of TMS was adjusted in each subject to produce a visible iSP without a previous facilitation during unilateral elbow flexion or extension. On the basis of previous literature we started the test with intensities 10 or 20% above the RMT. If the iSP was unclear, the stimulus intensity was increased in small steps until the iSP was present without evoking a short-latency facilitation. TMS was applied at the same intensity in all conditions tested in one session. For the 30 trials in each subject and each condition, the EMG from biceps or triceps brachii of the nondominant arm was rectified and averaged about the stimulus. The mean of the ongoing EMG was calculated as the mean rectified EMG for a period of 90 ms before TMS. The iSP was measured following a previously standardized method (Trompetto et al. 2004 ). This method is similar to the automated method described by Chen et al. (2003) . The onset of the iSP was determined by visual inspection and by using a horizontal cursor showing the mean rectified EMG prior to the TMS artifact as a reference. iSP onset was defined as the time point when the EMG dropped below the mean (minimal duration of 10 ms) and the end of the iSP as the time point when the EMG returned through this level. The duration of the silent period was measured as the interval between the onset and offset of the iSP [iSP duration ϭ (time of iSP end) Ϫ (time of iSP onset)]. The depth of the iSP was calculated from the mean EMG activity during the iSP, expressed as a percentage of the mean of the prestimulus EMG, and was then subtracted from 100 (Jung and Ziemann 2006) . To ensure that changes in the iSP depth were not influenced by variation in the duration of the iSP, the area was also calculated. The area of the iSP was calculated using the following formula: [iSP area ϭ (mean prestimulus EMG) ϫ (iSP duration) Ϫ (au_iSP)], where au_iSP is the area under the rectified iSP. The iSP area was then normalized against the level of contraction [iSP area normalized to contraction ϭ iSP area/(area under mean EMG preceding stimulus); Trompetto et al. 2004] . Prestimulus EMG area was calculated by multiplying the prestimulus mean EMG calculated over 90 ms by the mean duration for all subjects of iSPs measured in both muscles and all conditions (22.5 ms). During bilateral extension-flexion and flexion-extension contractions several subjects showed facilitation, and it was not possible to precisely estimate the beginning of the iSP. Therefore, in those subjects the iSP was measured using the same window as previously determined by the onset and offset times obtained in the extension-extension and flexion-flexion conditions. In an additional analysis in all conditions in all subjects, the iSP was measured using the same window as determined by the onset and offset times obtained from the condition with the largest iSP. Analyses based on both individual iSP timing and fixed windows across conditions allow us to ensure that our results were less likely influenced by small changes in the onset and offset times of the iSP. In cases where facilitation was observed, we also examined the onset, height, and duration of the peak. The beginning of the facilitation was defined as 2 SD above the mean rectified EMG calculated from a period of 90 ms before the TMS and the end as the time point when the EMG dropped below the mean. In addition, the peak-to-peak amplitude and latency of the MEPs evoked by TMS in the contralateral biceps and triceps brachii were quantified.
Cervicomedullary MEPs. Cervicomedullary motor evoked potentials (CMEPs) are not affected by changes in cortical excitability and are sensitive to changes in motoneuronal excitability. To examine CMEPs, the corticospinal tract was stimulated at the cervicomedullary level by a high-voltage electrical current (200-s duration; Digitimer DS7AH) passed between adhesive Ag-AgCl electrodes fixed to the skin behind the mastoid process (Taylor and Gandevia 2004) . CMEPs were measured during the elbow extension (n ϭ 4) and flexion (n ϭ 7) sessions in the triceps and biceps brachii in the nondominant arm while the dominant arm was at rest or performing a flexion or extension muscle contraction of 30% maximum. The stimulation intensity (186.4 Ϯ 22.3 mA for biceps and 198.7 Ϯ 38.8 mA for triceps) was set to elicit a CMEP of around 10% of the maximal M wave (M max ) for the biceps and triceps muscles during unilateral contractions. Ten to 15 CMEPs were tested during each condition. At the beginning of the testing, the iSP was tested in each muscle using the same methodology described above. Later, CMEPs were elicited in each subject in the middle part of the iSP by giving electrical pulses to the cervicomedullary junction around 25 to 35 ms after the TMS pulse used to elicit the iSP. The following conditions were tested: CMEP alone or preceded by a TMS pulse during unilateral flexion and extension, and CMEP preceded by a TMS pulse during bilateral contractions of agonist and antagonistic muscles.
Data analysis. Repeated-measures ANOVAs were performed to determine the effect of condition in the elbow extension (extensionrest, extension-extension, extension-flexion) and elbow flexion sessions (flexion-rest, flexion-flexion, flexion-extension) on the onset, duration, depth, and area of the iSP in the biceps and triceps brachii. Repeated-measures ANOVAs were also used to compare prestimulus mean EMG and MEP size in all sessions tested. A two-way ANOVA was used to examine the effect of session (elbow extension vs. elbow flexion) and condition in the depth and area of the iSP and in MEP size. The same analysis was used to determine the effect of the direction of visual feedback (parallel vs. opposite) and condition in the elbow extension and elbow flexion sessions on the depth and area of the iSP in the biceps and triceps brachii. Tukey post hoc analysis was used to test for significant comparisons. Friedman repeated-measures ANOVA on ranks was used to examine the effect of condition in CMEP size. Significance was set at P Ͻ 0.05. Paired t-tests were used to compare the iSP onset and duration between conditions. Pearson correlation analysis was used as needed. Group data are presented as means Ϯ SD in the text and as means Ϯ SE in the figures.
RESULTS

Elbow extension session.
Fifteen participants tested in the study showed a visible iSP in the triceps muscle during unilateral elbow extension and therefore participated in the elbow extension session. In these subjects, RMT in the dominant triceps muscle was 62.5 Ϯ 9.9 and the mean intensity of TMS used to examine the iSP was 73.0 Ϯ 10.5% of the maximum stimulator output (range from 56 to 90%) or 117.0 Ϯ 10.2% of the RMT. Mean rectified EMG activity in the nondominant triceps, in which the iSP was measured, was similar before TMS across conditions (F ϭ 2.1, P ϭ 0.13). The mean onset latency and duration of the iSP were similar across conditions (see Table 1 ). Figure 2A shows raw traces of the iSP in the triceps brachii during all conditions tested in a representative subject. These indicate that the depth and area of the iSP were increased during bilateral activation of homologous muscles (extensionextension) and decreased during bilateral activation of antagonist muscles (extension-flexion) compared with unilateral elbow extension. These observations were confirmed by repeatedmeasures ANOVA, which showed an effect of condition during the elbow extension session on the depth (F ϭ 26.9, P Ͻ 0.001; Fig. 2 , B and C) and area (F ϭ 12.9, P Ͻ 0.001) of the iSP. Post hoc testing showed that for each condition, iSP depth and area (see Table 1 ) were significantly different from those in the two other conditions. The iSP was larger during bilateral than during unilateral elbow extension (depth, P ϭ 0.003; and area, P ϭ 0.02) and smaller during elbow flexion of the other arm than during unilateral elbow extension Values are means Ϯ SD and were determined during 10% maximal voluntary contraction (MVC) extension or flexion of target arm ipsilateral silent period (iSP) in triceps brachii (n ϭ 15) or biceps brachii (n ϭ 15), respectively, in the conditions indicated. Fig. 2 . A: raw EMG traces recorded from the triceps brachii muscles in a representative subject during all conditions tested (extension-rest, extension-extension, and extension-flexion) with TMS applied to the ipsilateral motor cortex. Traces show the average rectified (left column) and unrectified (right column) EMG data in 30 trials. The onset and offset of the ipsilateral silent period (iSP) are shown between broken lines. The same time period is also shown on the unrectified data. Notice that the subject shows more inhibition of the EMG during bilateral extension-extension and less inhibition of the EMG during bilateral extension-flexion compared with unilateral elbow extension. B shows individual subject data in all conditions tested; in C, group data (n ϭ 15) show the depth of the iSP in all conditions tested. The abscissa shows the conditions tested, and the ordinate shows the depth of the iSP calculated from the mean EMG activity during the iSP divided by the mean of the prestimulus EMG and subtracted from 100. Note the increase in the iSP during bilateral activation of agonist muscles (extension-extension) and a decrease during bilateral activation of antagonist muscles (extension-flexion) compared with a unilateral contraction. Error bars indicate SE. *P Ͻ 0.05. Ext, extension; Flex, flexion.
(depth, P ϭ 0.003; and area, P Ͻ 0.001). When individual subjects were considered, 12 of 15 subjects showed an increase in the depth and area of the iSP during bilateral compared with unilateral elbow extension, whereas 13 of 15 subjects showed a decrease in the depth and area of the iSP during extensionflexion compared with unilateral elbow extension. Of these 13 subjects, 5 showed a peak of facilitation (147.1% of the mean prestimulus EMG) 4.1 ms earlier than the iSP onset during extension-flexion contraction (see Fig. 4, A and C) . This facilitation was never observed in the other conditions. When the same window for analysis was used across conditions, repeatedmeasures ANOVA showed an effect of condition during the elbow extension session on the depth (F ϭ 27.7, P Ͻ 0.001) and area (F ϭ 12.5, P Ͻ 0.001) of the iSP. In the control experiment, repeated-measures ANOVA showed no effect of the direction of visual feedback during the elbow extension session on the depth (F ϭ 2.3, P ϭ 0.36) and area (F ϭ 1.8, P ϭ 0.25) of the iSP.
Elbow flexion session. Fifteen participants tested in the study showed a visible iSP in the biceps muscle during unilateral elbow flexion. These participants completed the elbow flexion session. RMT in the biceps muscle was 59.1 Ϯ 7.6%. The mean stimulus intensity was 69.6 Ϯ 9.9% of the maximum stimulator output (range from 55 to 93%) or 118 Ϯ 10.5% of the RMT. Mean prestimulus rectified EMG activity in the biceps in which the iSP was measured was similar across conditions (F ϭ 1.6, P ϭ 0.2). The mean onset latency (P ϭ 0.9) and the duration of the iSP (P ϭ 0.4) were similar across conditions (see Table 1 ). Figure 3A shows an example of the iSP in the biceps brachii in a representative subject. As reported for the triceps, we observed that the depth and area of the iSP were increased during bilateral activation of homologous muscles (flexionflexion) and decreased during bilateral activation of antagonist muscles (flexion-extension) compared with unilateral elbow flexion. Repeated-measures ANOVA showed an effect of con- Fig. 3 . A: raw EMG traces recorded from the biceps brachii muscles in a representative subject during all conditions tested (flexion-rest, flexion-flexion, and flexion-extension) with TMS applied to the ipsilateral motor cortex. Traces show the average rectified (left column) and unrectified (right column) EMG data in 30 trials. The onset and offset of the iSP is shown between broken lines. The same time period is also shown on the unrectified data. Notice that the subject shows more inhibition in the EMG during bilateral flexion-flexion and less inhibition in the EMG during flexion-extension compared with unilateral elbow flexion. B shows individual subject data in all conditions tested; in C, group data (n ϭ 15) show the depth of the iSP in all conditions tested. The abscissa shows the conditions tested, and the ordinate shows the depth of the iSP. Similar to what was observed in the triceps, note here the increase in the iSP during bilateral activation of agonist muscles (flexion-flexion) and the decrease during bilateral activation of antagonist muscles (flexion-extension) compared with a unilateral contraction. Error bars indicate SE. *P Ͻ 0.05. dition during the elbow flexion session on the depth (F ϭ 15.8, P Ͻ 0.001; Fig. 3 , B and C) and area (F ϭ 10.8, P Ͻ 0.001) of the iSP. Post hoc testing showed significant increases in the iSP depth (P ϭ 0.02) and area (P ϭ 0.01) during bilateral compared with unilateral elbow flexion and significant decreases (depth, P ϭ 0.03; and area, P ϭ 0.02) during bilateral flexion-extension compared with unilateral flexion (see Table  1 ). For individuals, 11 of 15 subjects showed a larger iSP during bilateral compared with unilateral elbow extension, and 11 of 15 subjects showed a decrease in the iSP during flexionextension compared with unilateral elbow flexion. During flexion-extension, four of these subjects showed a peak of facilitation (169.0% of the mean prestimulus EMG) 5.2 ms earlier than the iSP onset during flexion-extension contraction (Fig. 4, B  and D) . The facilitation was never observed in the other conditions. Using the same window for analysis across conditions, repeated-measures ANOVA showed the same significant effects of condition during the elbow flexion session on the depth (F ϭ 23.0, P Ͻ 0.001) and area (F ϭ 15.6, P Ͻ 0.001) of the iSP. In the control experiment, repeated-measures ANOVA showed no effect of the direction of visual feedback during the elbow flexion session on the depth (F ϭ 2.0, P ϭ 0.19) and area (F ϭ 1.2, P ϭ 0.30) of the iSP.
Elbow extension session vs. flexion session. Eight of the participants tested in the study showed visible iSPs in both triceps and biceps brachii. For these subjects, the depth (23.4 Ϯ 11.7% and 27.7 Ϯ 18.7%, respectively; P ϭ 0.6) and area (0.19 Ϯ 0.07 and 0.16 Ϯ 0.04, respectively; P ϭ 0.4) of the iSP were not different during unilateral extension and flexion contractions. We found an effect of condition (F ϭ 32.4, P Ͻ 0.001) but not session (F ϭ 0.1, P ϭ 0.7), nor their interaction (F ϭ 2.6, P ϭ 0.1), in the iSP depth in triceps and biceps Fig. 4 . A and B: raw EMG data in 2 representative subjects showing the peak of facilitation (indicated by arrow) preceding the EMG inhibition in the extension-flexion (measured in triceps; A) and flexionextension conditions (measured in biceps; B). The peak is not present in the other conditions tested. C: the abscissa shows the sessions tested (elbow extension, n ϭ 5; elbow flexion, n ϭ 4) and the ordinate shows the peak of facilitation (expressed as a percentage of the prestimulus EMG). D: the abscissa shows the sessions tested (elbow extension, n ϭ 5; elbow flexion, n ϭ 4) and the ordinate shows the latency of the facilitation (beginning defined as 2 SD above the mean rectified EMG for a period of 90 ms before the TMS) minus the latency of the iSP. Note that the magnitude and the latency of the peak of facilitation observed during bilateral activation of antagonist muscles were similar in both sessions. Error bars indicate SE. *P Ͻ 0.05.
brachii. The iSP depth was significantly increased during bilateral activation of homologous muscles (P Ͻ 0.001; Fig. 5A ) and decreased during bilateral activation of antagonist muscles (P Ͻ 0.001; Fig. 5A ), regardless of whether subjects performed the elbow extension (filled bars) or flexion (open bars) session. Significant changes also occurred in the iSP area (P Ͻ 0.001 for both comparisons). Figure 5B shows the relation in single subjects between the changes in iSP depth during bilateral contractions relative to unilateral activation of the triceps and biceps brachii; the different symbols indicate bilateral activation of homologous and antagonist muscles compared with unilateral contractions. There was a positive correlation (r ϭ 0.52, P ϭ 0.03), indicating that individuals showed similar changes in the iSP depth whether iSPs were elicited in elbow extension or flexion. Changes in iSP area during bilateral contractions relative to unilateral activation of the triceps and biceps brachii were also correlated (r ϭ 0.6, P ϭ 0.01).
MEPs. MEPs were measured in the triceps and biceps brachii in the side contralateral to TMS stimulation during all conditions tested. The peak-to-peak amplitude of the triceps MEP elicited in the dominant contralateral arm was larger during extension-extension (4.0 Ϯ 2.6 mV) compared with unilateral elbow extension (0.37 Ϯ 0.4 mV, P Ͻ 0.001) and extension-flexion (0.89 Ϯ 0.5 mV, P Ͻ 0.001). The triceps MEP latency in the dominant arm was longer in the unilateral extension (13.3 Ϯ 1.3 ms) compared with extension-extension (10.2 Ϯ 0.9 ms, P Ͻ 0.001) and extension-flexion (10.5 Ϯ 1.2 ms, P Ͻ 0.001). The peak-to-peak amplitude of the biceps MEPs elicited in the dominant contralateral arm was larger during bilateral flexion (5.9 Ϯ 4.9 mV) compared with unilateral flexion (0.78 Ϯ 0.9 mV, P Ͻ 0.001) and bilateral flexionextension (1.4 Ϯ 1.6 mV, P Ͻ 0.001). The biceps MEP latency in the dominant arm was longer in the unilateral flexion (13.4 Ϯ 1.3 ms) compared with bilateral flexion-flexion (10.6 Ϯ 1.6 ms, P Ͻ 0.001) and flexion-extension (12.6 Ϯ 1.8 ms; P ϭ 0.02). Repeated-measures ANOVA showed that the MEPs in biceps and triceps were the same size (F ϭ 2.2, P ϭ 0.16).
CMEPs. The size of CMEPs in the triceps (9.4 Ϯ 5.3% of M max ) and biceps (10.9 Ϯ 4.5% of M max ) brachii were similar during unilateral elbow extension and flexion (P ϭ 0.6), respectively. The latencies of the CMEPs were 9.0 Ϯ 0.7 ms in the triceps and 8.4 Ϯ 0.4 ms in the biceps brachii (P ϭ 0.45). Figure 6 shows an example of the CMEPs in the triceps and biceps brachii in two representative subjects. Note that the size of the CMEPs elicited during the iSP remained unchanged during bilateral activation of homologous and nonhomologous muscles compared with unilateral contractions in the elbow extension and elbow flexion tasks. Friedman repeatedmeasures ANOVA showed no effect of condition on the size of CMEPs in the triceps ( 2 ϭ 0.3, P ϭ 0.99) and biceps brachii ( 2 ϭ 2.1, P ϭ 0.54).
DISCUSSION
In the present study, we examined the iSP in the triceps and biceps brachii in one arm while the contralateral arm remained at rest or performed an extension or flexion isometric voluntary contraction. In both muscles the iSP depth and area were increased during bilateral contractions of the elbow extensors for triceps or of the elbow flexors for biceps compared with unilateral contractions. In contrast, when subjects performed bilateral contractions of flexor muscles on one side and extensor muscles on the other, either the depth and area of the iSP were decreased or facilitation was present compared with bilateral activation of homologous muscles and to unilateral contractions. Subcortically evoked CMEPs tested during the time at which the iSP was present remained unchanged during bilateral compared with unilateral contractions. The present The abscissa shows the conditions tested (Unil, unilateral; Bilat. Agon., bilateral activation of agonist muscles; Bilat. Antag., bilateral activation of antagonist muscles) during the elbow extension (filled bars) and flexion sessions (open bars). The ordinate shows the depth of the iSP. Note the increase in the iSP during bilateral activation of agonist muscles and a decreased during bilateral activation of antagonist muscles compared with a unilateral contraction regardless of the elbow session tested. Error bars indicate SE. *P Ͻ 0.05. B: a correlation analysis between flexion and extension sessions of the changes in the iSP depth during bilateral (o, agonist; OE, antagonist) compared with unilateral contractions (a negative number indicates more inhibition and a positive number indicates less inhibition during the unilateral compared with bilateral condition). Each subject is represented by 2 points: one for bilateral agonist and one for bilateral antagonist contractions. Note that subjects who showed more pronounced inhibition in the elbow extension session also showed a similar trend in the elbow flexion session.
data show a distinct pattern of reciprocal interactions between bilateral flexor and extensor arm regions of the motor cortex. Triceps and biceps iSP during unilateral contractions. We had difficulty in eliciting inhibition in the triceps and biceps brachii during a unilateral contraction. In fact, from 45 subjects screened we were able to detect a visible iSP with no short-latency facilitation in either muscle in around half of all subjects. In about half of those, an iSP was seen in both muscles. This is in agreement with Ferbert et al. (1992) , who reported similar problems and identified clear iSPs in the biceps brachii in only three of nine subjects. When we compared the depth and area of the iSP in the two muscles in subjects in whom it occurred in both muscles, we found that this was not different. A previous study demonstrated a less prominent interhemispheric inhibition in the triceps compared with the biceps brachii (Harris-Love et al. 2007 ). The differences with our results are likely to be due to differences in methodology. In the study by Harris-Love et al. (2007) , measurements were taken at rest and interhemispheric inhibition was tested with a paired-pulse protocol. Previous studies have suggested that the iSP and the inhibition measured by a paired-pulse protocol provide information that is complementary, but their mechanisms might differ (Chen et al. 2003; Ferbert et al. 1992; Perez and Cohen 2009 ).
An intriguing question is, why was it in general difficult to elicit an iSP in the triceps and biceps brachii? The representations of triceps and biceps brachii in the motor cortex are close in monkeys (Kwan et al. 1978) and humans (Penfield and Boldrey 1937) . Previous evidence has shown that during a unilateral voluntary contraction, high-intensity TMS applied over the ipsilateral motor cortex frequently elicited ipsilateral MEPs in the biceps, and lower intensity stimulation could elicit them during bilateral phasic contractions (Bawa et al. 2004; Ziemann et al. 1999). Brinkman and Kuypers (1973) also suggested the presence of both direct and indirect ipsilateral pathways from the cortex to the biceps brachii. Since an ipsilateral pathway is one of the possible routes contributing to ipsilateral responses (Carson 2005; Jankowska and Edgley 2006) , it is possible that in the biceps brachii ipsilateral excitatory pathways are more readily accessed than in the hand muscles in which iSPs have been more often studied. Direct ipsilateral excitation of the motoneurons could mask the disfacilitation resulting from transcallosal inhibition of contralateral descending drive. In contrast, direct ipsilateral facilitation has not been reported for triceps; rather, inhibition of EMG occurred in most subjects (Ziemann et al. 1999) . However, as noted above, interhemispheric inhibition is less prominent for triceps than for biceps or for distal muscles (Harris-Love et al. 2007 ). Another possibility is that the ability of eliciting the iSP in proximal arm muscles is related to the characteristics of the motor task. A recent study demonstrated that large iSPs can be recorded in the biceps brachii when measured during fast ballistic compared with slower self-paced elbow flexion movements (Tazoe and Perez 2013) . Triceps and biceps bilateral contractions of homologous and antagonistic muscles. In both muscles the iSP was largest during bilateral contractions of homologous muscles. This is consistent with previous results showing that during bilateral isometric contractions of homologous finger muscles transcallosal inhibition increased compared with unilateral contractions (Soteropoulos and Perez 2011; Yedimenko and Perez 2010) . Similarly, iSPs evoked during maximal efforts of first dorsal interosseous were increased by weak, or even imagined, contraction of muscles of the other hand (Giovanelli et al. 2009) . Surprisingly, iSPs evoked during 20% of MVC were not altered by contralateral steady or sinusoidal force production (Fling and Seidler 2012) , but this may reflect a floor effect given the deep suppression of EMG (ϳ90%) in the unimanual condition.
Although the iSP is thought to be mediated by axons passing through the corpus callosum (Boroojerdi et al. 1996; Meyer et al. 1995) , an iSP also can be obtained from stimulation of subcortical pathways (Compta et al. 2006; Gerloff et al. 1998 ). However, our CMEPs results indicate that it is less likely that subcortical pathways contributed to the observed changes in the iSP magnitude. The magnitude of short-interval intracortical inhibition (SICI) is reduced by muscular activity (Ortu et al. 2008) , and in the presence of less SICI the magnitude of interhemispheric inhibition to the contralateral hemisphere increases (Lee et al. 2007; Perez and Cohen 2008) . Therefore, these factors could contribute to increase the iSP magnitude during bilateral contractions of homologous muscles compared with unilateral contractions.
In contrast, we observed in both muscles that during bilateral contractions of different muscles in the two arms, the depth and area of the iSP were decreased, and in some subjects EMG was facilitated compared with the other conditions. This is a surprising finding because other studies involving hand muscles reported increases in the iSP or in paired-pulse interhemispheric inhibition with bilateral contractions of nonhomologous muscles (Giovanelli et al. 2009; Yedimenko and Perez 2010) . However, these studies also indicate that interhemispheric inhibitory interactions between hand muscles are more independent of muscular constraints, which is unclear for proximal muscles. Our current and previous findings suggest that interhemispheric inhibitory interactions involving proximal arm muscles have a more widespread effect to nonhomologous muscles (Soteropoulos and Perez 2011) .
The iSP methodology does not allow dissection of the source of the differences in homologous and nonhomologous agonist-antagonist bilateral contractions, but some factors can be considered. First, the decrease in iSP and the variable facilitation with agonistantagonist contractions could represent activation of an excitatory ipsilateral descending pathway. This seems unlikely because ipsilateral MEPs are common in biceps but are not reported for triceps (Ziemann et al. 1999 ), yet here facilitation occurred equally in both muscles. Alternatively, the latency of the facilitation in our study is consistent with a possible contribution from interhemispheric facilitation, which is observed 4 -6 ms earlier than inhibition (Bäumer et al. 2006; Hanajima et al. 2001) . Second, are the important changes in the stimulated hemisphere or in the hemisphere where the transcallosal signal acts? Although the increase was greater in the agonist muscle, MEPs in both biceps and triceps muscles increased during both kinds of bilateral contractions, and stimulation of muscle afferents from a flexor muscle can reduce intracortical inhibition measured in the antagonist muscle, suggesting a pattern of cortical "reciprocal facilitation" in the same limb (Aimonetti and Nielsen 2001) . Thus, with increased corticospinal excitability and decreased inhibition likely in the stimulated hemisphere in both kinds of bilateral contractions, it seems unlikely that these mechanisms resulted in the differential changes during activation of homologous or nonhomologous muscles. Changes in excitability and intracortical inhibition are reported in the hemisphere ipsilateral to voluntary contractions (Perez and Cohen 2009; Soteropoulos and Perez 2011) . Such changes may be caused by increased transcallosal signals between primary motor areas but may be mediated through other pathways (Bestmann et al. 2008; Liuzzi et al. 2010; Münchau et al. 2002) .
In humans, motor tasks that require flexion of one arm and extension of the other arm are produced in a less stable and consistent fashion compared with simultaneous patterns in which both limbs flex or extend together (Carson et al. 2000; Kelso 1995) . It is tempting to speculate that the facilitatory effect and the decreased inhibition observed in our study during asymmetric bilateral muscle contractions might contribute to decouple arm movements or, on the contrary, might reflect a neural correlate of our inability to completely decouple our arms. However, previous evidence has shown that interactions between actively moving arms and those obtained when both arms are engaged in isometric contractions differ (Carson 1995) . Thus caution must be taken in extrapolation of the present results to a more dynamic task. In terms of isometric tasks, our findings are consistent with studies that demonstrate deficits in force production during bilateral elbow flexion or extension but not with flexion of one arm and extension of the other (Ohtsuki 1983; Seki and Ohtsuki 1990) , and also with evidence that iSPs are larger with in-phase compared with out-of-phase bilateral isometric contractions .
Limitations of the study. Methodological factors that might influence interhemispheric interactions include the level of muscle contraction, the type and direction of visual feedback, and the stimulus intensity (Byblow et al. 1999; Carson and Ruddy 2012; Perez and Cohen 2008) . In our study, the strength of muscle contraction exerted by elbow flexor and extensor muscles in the arm contralateral to the TMS was similar across conditions and the iSP was modulated to a similar extent regardless of the direction of the visual feedback. Therefore, it is unlikely that these aspects contributed to our findings. Furthermore, the same stimulus intensity was used across conditions, whereas the iSP was differentially modulated by both bilateral motor tasks, making it less likely that this factor affected our results. 
